Quinol oxidation at center P of the cytochrome bc 1 complex involves bifurcated electron transfer to the Rieske iron-sulfur protein and cytochrome b. It is unknown whether both electrons are transferred from the same domain close to the Rieske protein, or if an unstable semiquinone anion intermediate diffuses rapidly to the vicinity of the b L heme. We have determined the pre-steady state rate and activation energy (E a ) for quinol oxidation in purified yeast bc 1 complexes harboring either a Y185F mutation in the Rieske protein, which decreases the redox potential of the FeS cluster, or a E272Q cytochrome b mutation, which eliminates the proton acceptor in cytochrome b. The rate of the bifurcated reaction in the E272Q mutant (<10% of the wild type) was even lower than that of the Y185F enzyme (ϳ20% of the wild type). However, the E272Q enzyme showed the same E a (61 kJ mol ؊1 ) with respect to the wild type (62 kJ mol ؊1 ), in contrast with the Y185F mutation, which increased E a to 73 kJ mol ؊1 . The rate and E a of the slow reaction of quinol with oxygen that are observed after cytochrome b is reduced were unaffected by the E272Q substitution, whereas the Y185F mutation modified only its rate. The Y185F/E272Q double mutation resulted in a synergistic decrease in the rate of quinol oxidation (0.7% of the wild type). These results are inconsistent with a sequential "movable semiquinone" mechanism but are consistent with a model in which both electrons are transferred simultaneously from the same domain in center P.
The cytochrome bc 1 complex couples the oxidation of a twoelectron carrier molecule of quinol to the movement of protons across the inner mitochondrial or bacterial membrane. The key reaction in this energy-conserving mechanism, known as the Q-cycle (1, 2) , is the bifurcation of electrons at the active site located closer to the positive side of the membrane, termed center P or Q o site. One of the electrons from quinol is transferred to a chain of one-electron carriers with relatively high redox potentials that include the FeS cluster of the Rieske protein and the hemes of cytochromes c 1 and c. The other electron is donated to the low potential (b L ) heme of cytochrome b, from which it crosses most of the membrane width to the high potential b H heme, located close to another active site (center N or Q i site), where quinone is reduced to quinol after two center P turnovers. Proton release and uptake at each active site are achieved by taking advantage of the chemistry of quinol and quinone, which can only stably exist at physiological pH in the protonated and deprotonated forms, respectively.
Critical to the electron bifurcation reaction at center P is the arrangement of protonatable groups (His 181 of the Rieske protein and Glu 272 of cytochrome b) close to the electron acceptors at opposite sides of the substrate (see Fig. 1 ). However, the exact mechanism of electron bifurcation at center P is still an unresolved issue. Proposed models have ranged from strictly concerted mechanisms in which both electrons from quinol are extracted simultaneously (3, 4) to those that postulate a highly stabilized semiquinone intermediate (5) . Between these two extremes are mechanisms that propose the formation of an unstable semiquinone intermediate after a first electron transfer from quinol to the Rieske protein (6 -8) , which seem to be supported by recent reports that claim to have detected low concentrations of semiquinone at center P when reoxidation of cytochrome b is impeded under special conditions (9, 10) . One version of the unstable semiquinone mechanism proposes that this intermediate diffuses from the vicinity of the Rieske protein to a location within center P located closer to the b L heme, which would allow non-rate-limiting rates of b L reduction to occur even at very low semiquinone occupancy (11) . In this proposal, the movement of the unstable semiquinone would be allowed by protonation and rotation of Glu 272 in cytochrome b, which occupies different conformations in crystallographic structures ( Fig. 1) (11) (12) (13) (14) .
An important prediction of the movable semiquinone model (11) is that mutation of Glu 272 should impede diffusion of the anionic semiquinone, forcing electron transfer to the b L heme to occur through a longer distance from the position closer to the Rieske FeS cluster (15) , thereby shifting the rate-limiting step from the first to the second electron transfer. Although it has already been reported that different mutations at Glu 272 partially slow down quinol oxidation at center P (15) (16) (17) , no effort has been made so far to evaluate whether the rate-limiting step changes upon inhibition of the deprotonation of quinol (or of a putative semiquinone intermediate) by mutation of the cytochrome b Glu 272 . In the present work, we analyze the energy of activation of quinol oxidation at center P and show that the rate-limiting step when Glu 272 is mutated to glutamine, although slower, is still determined by the driving force for electron transfer to the Rieske protein. We also show that decreasing this driving force enhances the relative inhibition caused by mutating Glu
272
, suggesting a tight coupling of reactions involved in quinol oxidation and deprotonation. In contrast, reactions with oxygen that bypass the electron bifurcation at center P, which are likely to involve a semiquinone intermediate, are independent of Glu 272 and go through an energetic barrier different from that of the bifurcated reaction. We discuss how these results support a mechanism in which both electron transfer events from quinol to the Rieske protein and the b L heme occur from the same position and at the same time.
EXPERIMENTAL PROCEDURES
Materials-Dodecyl maltoside was obtained from Anatrace. DEAE-Bio-Gel A was from Bio-Rad. Stigmatellin, antimycin, and decylubiquione were purchased from Sigma. Decylubiquinol (2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinol; DBH 2 ) 2 was prepared from decylubiquione as described (18) and quantified by UV spectroscopy using an extinction coefficient of 4.14 mM Ϫ1 cm Ϫ1 at 290 nm (19) . Inhibitors were dissolved in ethanol and quantified by UV spectroscopy (20) Purification of Cytochrome bc 1 Complex-Cytochrome bc 1 complex was isolated from each yeast strain as described previously (23) , except that the dodecyl maltoside concentration was increased to 0.05% in the elution buffers, and the volume of DEAE-Bio-Gel A was reduced to 25 ml to increase the yield of active enzyme. Quantification of the bc 1 complex was performed as described (24) (26, 27) .
Determination of the Energy of Activation (E a )-Pre-steady state reduction of cytochromes b and c was followed at room temperature by stopped flow rapid scanning spectroscopy using the Olis rapid scanning monochromator as described (24) . The temperature of the mixing chamber was varied from 10 -30°C with a thermostatically controlled Julabo F12 circulating water bath, and the temperature of the enzyme sample was equilibrated to that of the mixing chamber before each reaction. Reactions were started by mixing 1 M cytochrome bc 1 complex, 1.5 M antimycin (to inhibit center N), 1 mM KCN (to inhibit the contaminating cytochrome c oxidase), and 10 M horse heart cytochrome c in assay buffer containing 50 mM potassium phosphate, pH 7.0, plus 1 mM sodium azide, 1 mM EDTA, and 0.05% Tween 20 against an equal volume of the same buffer containing 20 -320 M DBH 2 . For each experiment, six to eight data sets were averaged after subtracting the oxidized spectrum. The time course of absorbance changes at 563-579 nm (cytochrome b) and 550 -539 nm (cytochrome c) was extracted using software from Olis and exported to the Origin 5.0 program (OriginLab Corp.), where kinetic traces were fitted to two or three component exponential functions, as appropriate.
The initial rates obtained from cytochromes b and c reduction traces were very similar to each other and corresponded to the rate of bifurcated quinol oxidation. The final slow reduction of cytochrome c observed after the completion of cytochrome b reduction was fitted to a straight line, and the value of the slope was divided by the extinction coefficient for cytochrome c, which is 21.5 mM Ϫ1 cm Ϫ1 (28) , to obtain the turnover rate for the non-bifurcated oxidation of quinol. Rates obtained at the same DBH 2 concentration were plotted as a function of temperature according to the Arrhenius equation and fitted to a straight line to obtain E a values.
Kinetic Modeling-The DynaFit program (BioKin, Ltd.), which allows the simulation of reaction mechanisms described as a series of individual reaction steps (29) , was used to simulate the rate of cytochrome b reduction and the relative concentration of semiquinone intermediate expected from a sequential mechanism that allows movement of semiquinone close to the b L heme. The model used (see supplemental data for the full DynaFit script) assumed an almost complete saturation of center P with substrate (200 M quinol with a K m of 10 M) with the subsequent formation and consumption of semiquinone occurring at the rates suggested in Ref. 15 . The one-electron oxidation of quinol by the Rieske protein (k 1 ) was assumed to occur with a forward rate of 1.3 ϫ 10 3 s Ϫ1 , whereas the rates of the second electron transfer from semiquinone to the b L heme were 1.9 ϫ 10 7 s Ϫ1 from the position distal to the heme (k 2d ), and 1.9 ϫ 10 11 s Ϫ1 from the proximal position (k 2p ). Reverse electron transfer rates (k Ϫ1 , k Ϫ2d , and k Ϫ2p ) were set to appropriate values with respect to the forward rates to yield a K eq of 4 ϫ 10
Ϫ8
, and the rate of semiquinone diffusion from the distal to the proximal domain (k diff ) was varied and considered to be reversible. Dissociation of the quinone (k off ) product from either of the two domains was also included, with a rate identical to that for quinol but with a 10-fold lower binding rate (k onQ ), as suggested by the higher affinity of center P for quinol (6) . Fig. 2A) , along with the reduction of two equivalents of cytochrome c (Fig. 2B) . The highly reduced state of cytochrome b prevented additional bifurcation of the electrons from DBH 2 , resulting in further oxidation of the substrate at a much slower rate (1-2% of the bifurcated reaction rate) and evidenced as a second, practically linear phase of cytochrome c reduction (Fig. 2B ) without a corresponding reduction in cytochrome b. As we have reported previously (30) , this slow reduction of cytochrome c is partially (30 -40%) inhibited by Mnsuperoxide dismutase, indicating that it corresponds to the "bypass" reaction at center P in which the one-electron reduction of quinol by the Rieske protein forms an unstable semiquinone that can either react with oxygen to form superoxide or receive an electron from b L to reform quinol (31) . An advantage of this pre-steady state method of measuring quinol oxidation at center P is that both the bifurcated and bypass reactions can be determined in the same kinetic trace in a time scale of milliseconds, which virtually eliminates any contribution from the non-enzymatic oxidation of the quinol analog. In contrast, steady state measurements require separate experiments in the presence and absence of antimycin, different enzyme concentrations in the nM range, and collection times in tens of seconds that greatly increase the contribution of the chemical reduction of cytochrome c with respect to the enzymatic rate, especially when measuring the slow bypass reactions (32) .
RESULTS

Effect of the Y185F and E272Q Mutations on the Rates of Quinol Oxidation at
The Y185F mutation at the Rieske protein decreases the redox potential of the Rieske cluster by at least 60 mV, resulting in a decreased driving force for quinol oxidation and consequently a slower rate (22) . The E272Q substitution in cytochrome b decreases the rate by eliminating a potential proton acceptor but without altering the midpoint potential of any redox groups (16) . As shown in Fig. 3 , the E272Q mutation in cytochrome b inhibited the bifurcated oxidation of DBH 2 to a larger extent (ϳ8% of the wild-type rate in Fig. 2 ) than the Y185F mutation in the Rieske protein (22% of the wild type). The absorbance at the wavelengths used to report cytochrome b reduction showed a slight decrease in the E272Q mutant (Fig.  3B) . We found that this effect was due to a negative spectral contribution of cytochrome c reduction at that wavelength pair and not to an actual reoxidation of cytochrome b (data not shown). This suggested a faster reduction of cytochrome c after the completion of the bifurcated reaction in the E272Q enzyme. This was indeed the case, as shown in Fig. 4 . The Y185F mutation decreased the rates for both the bifurcated and bypass reactions relative to the wild-type enzyme (Fig. 4A) while retaining a proportion of ϳ2% between the rates of both processes. In contrast, the non-bifurcated oxidation of quinol linked to superoxide anion formation was not inhibited at all by the E272Q substitution relative to the wild type (Fig. 4B) , with the rate for this process (0.46 s Ϫ1 ) being 18% relative to the rate of the bifurcated reaction. This agrees with the significant inhibition of the steady state activity of this mutant by superoxide dismutase reported even in the absence of antimycin (16) , as well as with the unaltered bypass reaction relative to the wildtype enzyme by the equivalent mutation E295Q in the bacterial bc 1 complex (15) . Because each of the mutations that we are characterizing is present in a different subunit on opposite sides of center P and because each decreases the rate of quinol oxidation by a different mechanism, it is reasonable to expect that they should have additive effects when simultaneously present in the bc 1 complex. However, as shown in Fig. 5 , a synergistic effect was obtained in the Y185F/E272Q double mutant. A purely additive effect of each mutation should have yielded a bifurcated rate of ϳ0.6 s
Ϫ1
, calculated from the 8% (relative rate obtained in the E272Q single mutant) of 7.2 s Ϫ1 (rate obtained with the Y185F mutant) (see Fig. 3 ). The actual rate of the double mutant was 3-fold lower than the predicted value based on cytochrome b kinetics (Fig. 5A ) and resulted in equal rates for the bifurcated and bypass reactions as observed in the reduction of cytochrome c (Fig. 5B ). This latter effect was due mainly to the synergistic decrease in the rate of the bifurcated reaction by the two mutations because the rate of the bypass was not very different from that obtained in the Y185F single mutant (compare with Fig. 4A ). This relatively high rate for cytochrome c reduction accounts for the marked decrease of absorbance observed at the wavelength pair used to monitor cytochrome b (Fig. 5A) . Nevertheless, after correction for this spurious spectral contribution, the extent of cytochrome b reduction stabilized at a level of only 50% of that observed in the wild type or in the single mutants (data not shown), which can be explained as an effect of the bypass reaction competing for electrons that would normally be accumulated in cytochrome b by the bifurcated process.
Effect of the Y185F and E272Q Mutations on the Energy of Activation at Center P-Rates of reduction of cytochromes b and c obtained at different temperatures and DBH 2 concentrations were used to determine the values of the activation energy (E a ) for the reactions occurring at center P. E a values are ideally determined under conditions of substrate saturation to avoid the interference from temperature-dependent changes in the affinity of the active site. However, the time resolution of the rapid scanning monochromator used (1 scan/ms) would result in significant inaccuracies in trying to determine rates Ͼ150 s
, which would still be lower than the V max for center P in yeast (27) . Therefore, we used a detergent concentration in the assay buffer appropriate to achieve under-saturation of center P by DBH 2 (K m ϳ 150 M) that would yield lower oxidation rates. This experimental approach was validated by the observation that the E a values obtained at each DBH 2 concentration were within 5% of those obtained at the other DBH 2 concentrations, with no shift to higher or lower values as the substrate concentration was increased.
The reported critical micellar concentration of Tween 20 is 0.006% at 25°C (33) and is expected to decrease slightly at lower temperatures (34) . Because the concentration of Tween 20 used in our assay buffer (0.05%) was much higher than the critical micellar concentration, we can discard changes in the effective detergent concentration at the different temperatures tested, as validated by the linear behavior of the Arrhenius plots we obtained.
As shown in Fig. 6 , the average E a value for the bifurcated reaction, as calculated from the rates of cytochrome b reduction (Fig. 6A) , was slightly higher than for the slow phase of cytochrome c reduction, which reports the bypass reaction (Fig.  6B) . The E a for the bifurcated reaction obtained from the first fast phase of cytochrome c reduction (see Fig. 2B ) was within the range obtained with cytochrome b (65 Ϯ 4 kJ mol Ϫ1 ) but had a higher uncertainty at faster rates because of the presence of the second kinetic phase, which increased the error in the fitting of the first phase (data not shown). In addition, the K m for the bypass reaction was significantly higher than for the bifurcated reaction, as can be seen from the increased separation in the data points corresponding to the two highest DBH 2 concentrations in Fig. 6B relative to those in Fig. 6A .
A decrease in the catalytic rate of an enzymatic reaction by a mutation can have the consequence of increasing the activation energy of the rate-limiting step, or it can slow down another reaction in the catalytic cycle to the point that a new rate-lim- iting step appears, likely displaying a very different activation energy relative to the original slowest reaction. In the case of quinol oxidation at center P, it has been found that reduction of the Rieske protein is involved in the rate-limiting step (22, 32) . In agreement with this conclusion, we observed a significantly higher E a value for the bifurcated oxidation of DBH 2 in the Y185F bc 1 complex relative to the wild type (Table 1) , which is due to a decreased difference in redox potential between quinol and the FeS cluster and thus decreased driving force for the bifurcated reaction.
In contrast, as shown in Table 1 , the bifurcated reaction in the enzyme with the E272Q mutation exhibited a value of E a identical to that of the wild-type enzyme. This result is in conflict with the hypothesis that substitution of Glu 272 with a non-protonatable residue should impede movement of a semiquinone intermediate to a location closer to the b L heme, slowing down by orders of magnitude the rate of electron transfer to the heme (15) and consequently making this step slower than the reduction of the Rieske protein by quinol and thus rate-limiting. In the Y185F/E272Q double mutant enzyme, the E a for the bifurcated oxidation of quinol was more difficult to determine because of the lower amount of enzyme obtained, the strong spectral contribution of cytochrome c, and the lower reduction extent of cytochrome b. Still, we were able to determine a value of ϳ74 kJ mol Ϫ1 (Table 1) . Because this value was virtually identical to the one determined using the Y185F single mutant, it shows that in the E272Q mutant, the rate-limiting step was still linked to the redox potential of the Rieske protein and was not replaced by a supposedly slower electron transfer from semiquinone to the b L heme.
The oxidation of quinol in the bypass reaction very likely involves a semiquinone intermediate, given that it involves the generation of a reductant strong enough to form superoxide (31) . Interestingly, as shown in Table 1 , the E a for this process was unchanged relative to the wild type in both the Y185F and E272Q mutants, implying that the rate-limiting step for the semiquinone-mediated reduction of cytochrome c is clearly different from the one involved in the bifurcated oxidation of quinol, given the different dependence of the transition states of the two processes with respect to the midpoint potential of the Rieske protein. The E a for the bypass reaction in the Y185F/ E272Q double mutant was ϳ56 kJ mol Ϫ1 , close to the values obtained for each of the single mutants (Table 1 ) and much lower than the E a for the bifurcated reaction (ϳ74 kJ mol 
DISCUSSION
Models for quinol oxidation that propose a sequential electron transfer have encountered the theoretical problem of how to account for a fast rate of electron transfer to the b L heme from a semiquinone intermediate formed at a very low concentration (15) . Mechanisms in which the semiquinone is stabilized (5) avoid the problem of having a low occupancy of this intermediate but have been disproved by the lack of detection of such a stable intermediate and by the observation that the slowest, rate-limiting step for quinol oxidation involves reduction of the Rieske protein (see Table 1 ) (15, 22, 32) . A variant of the unstable semiquinone model has proposed that this species moves rapidly to the vicinity of the b L heme (11), allowing a much faster, non-rate-limiting electron transfer even at very low semiquinone occupancies. Support for this hypothesis has been claimed from analysis of some crystallographic structures of the bc 1 complex in the presence of various inhibitors, which show two families of center P ligands that bind either distal or proximal to the b L heme (11) .
More recent crystallographic structures, however, cast doubt on the hypothetical movement of semiquinone to the proximal domain induced by rotation of Glu
272
. Most of the inhibitors that occupy the distal domain of center P, including 5-n-heptyl-6-hydroxy-4,7-dioxobenzothiazole (13), 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole, famoxadone, JG144, and NQNO (14) , rotate the side chain of Glu 272 away from the distal domain. Interestingly, all of these inhibitors structurally resemble quinol much more than those that bind to the proximal domain and have never been shown to bind promiscuously to both pockets of center P. Careful inspection of high-resolution structures also shows that the branched linear extensions of myxothiazol, MOA-stilbene, and azoxystrobin occupy the place of at least one water molecule (bonded to 5-n-heptyl-6-hydroxy-4,7-dioxobenzothiazole and the amino group of the Glu 272 backbone in Fig. 1B ) that probably aids in relaying the proximal proton of quinol to the membrane exterior. This implies that these proximal inhibitors block electron transfer to cytochrome b not by impeding movement of semiquinone (31) but by preventing one of the deprotonation events needed to form quinone.
Mutations at Glu 272 have been shown to decrease the rate of quinol oxidation to almost the same rate as the bypass reactions (15) . Most of these substitutions generate drastic conformational changes at center P, such as inducing resistance to myxothiazol, but not to stigmatellin (17) , contrary to what would be expected from the binding of these inhibitors. However, the E272Q mutation, in which only an oxygen atom is replaced by a nitrogen, preserves the size of the side chain and induces resistance only to stigmatellin along with a slight decrease in substrate affinity (15, 16) . Nevertheless, most substitutions at position 272 of cytochrome b inhibit the bifurcated oxidation of quinol only partially (15) (16) (17) . One interpretation for this observation implies that a non-protonatable residue at position 272 prevents the movement of semiquinone to the vicinity of the b L heme and that the partially inhibited rate results from electron tunneling from semiquinone in the position distal to the b L heme (15) . Because electron tunneling calculations imply a much slower electron transfer rate to b L from the distal than from the proximal domain, reduction of the b L heme by semiquinone would become slower than the formation of semiquinone. The consequences of this interpretation are illustrated in Fig. 7 . Using the rates for the partial reactions included in the movable semiquinone model (15) , the rate of quinol oxidation significantly decreases at semiquinone diffusion rates lower than 10 11 s Ϫ1 (Fig. 7A) , which are close to the proton exchange rate between hydrogen-bonded molecules. It is difficult to justify such high diffusion rates for semiquinone in view of the structural changes that would need to be involved, such as the displacement of entire sections of loops and helices in cytochrome b (11, 14) and the diffusion of the extrinsic domain of the Rieske protein, which has been calculated to be no faster than 10 8 s Ϫ1 (31). The lower limit required for the rate of semiquinone diffusion to be non-rate-limiting comes from the very fast reverse rate of electron transfer from the Rieske FeS cluster back to . Moreover, both the forward and reverse rates for the oneelectron transfer between the Rieske cluster are probably greatly underestimated because they were calculated using the distance between quinol and the closest iron atom, instead of the much smaller distance to the FeS cluster ligand His 181 , which should be considered as part of the electron conjugate system (35) . In any case, diffusion of semiquinone would have to be significantly faster than the rate of reverse electron transfer from the Rieske cluster to semiquinone to allow a non-ratelimiting reduction of the b L heme. At diffusion rates Ͻ10 9 s Ϫ1 , semiquinone would quickly reach its maximal equilibrium concentration at the distal position, and semiquinone would never reach the proximal domain before being re-reduced by the FeS cluster or oxidized by electron tunneling to the b L heme (Fig.  7B ). Under these conditions, quinol and the FeS cluster would be in rapid equilibrium relative to the slower electron transfer to b L , and the first electron transfer that forms semiquinone at the distal domain would no longer be the rate-limiting step in the bifurcated reaction. Therefore, our results showing a lack of change of E a in the E272Q enzyme with respect to the wild-type enzyme (see Table 1 ) indicate that the bifurcated oxidation of quinol does not proceed through a movable semiquinone mechanism (11) . However, any sequential model in which an unstable semiquinone transfers its electron from the distal domain would still have to justify how to obtain fast rates to the b L heme from an intermediate that exists at extremely low occupancies (15) .
As Berry and Huang (35) have proposed, a mechanism in which electron transfer proceeds from a quinol-imidazolateFeS electron donor complex that exists at full occupancy under conditions of substrate saturation would circumvent the theoretical problems presented by sequential models. In this mechanism, electronic coupling between the three bonded partners in the donor complex would effectively delocalize one electron from quinol over the entire conjugate, with no formal valence change in the FeS cluster or formation of an actual semiquinone intermediate. The bifurcated electron transfer reaction, resulting in a simultaneous formal valence change in both the FeS cluster and the b L heme, would proceed from the donor complex only when a proton acceptor is available in cytochrome b. The immediate acceptor in substrate deprotonation is probably a water molecule hydrogenbonded to the carboxylate of Glu 272 (see Fig. 1A ), as is predicted by molecular modeling of the binding of hydroxynaphthoquinone inhibitors at center P (36). In the E272Q enzyme, the affinity of this water molecule for the proton in quinol would be reduced, but not completely abolished, explaining the partial inhibition of the bifurcated reaction by mutations in Glu 272 (15) (16) (17) . The distribution of the delocalized electron within the donor complex, determined by the E m of the FeS cluster, would dictate the activation energy for the bifurcated electron transfer, as well as the ability to donate a proton. The electron and the proton from the donor complex do not tunnel to the same acceptor together, given that the b L heme only receives the electron, whereas the proton is donated to either a water molecule or to the Glu 272 carboxylate. Therefore, reduction of the b L heme is not a proton coupled-electron transfer event, and the activation energy for reduction of the b L heme depends only on the driving force determined by the difference in redox potentials between the donor complex and the heme. However, the rate of reduction of the b L heme is also affected by the probability of the donor complex to become deprotonated. The synergistic decrease in the bifurcated rate observed in the Y185F/E272Q mutant (see Fig. 5 ) probably reflects an increase in the proton affinity of the electron donor complex when the Rieske redox potential is lowered. Because this proton must be removed from the donor complex for formation of the quinone product, the electron transfer to the b L heme also becomes less likely than in the E272Q mutant that has a normal E m value for the FeS cluster. Such a synergistic effect is difficult to explain in the context of a sequential mechanism in which the two-electron transfer steps from quinol and semiquinone are considered as separate reactions.
The fact that the bypass reaction is much slower than the bifurcated oxidation of quinol indicates that both processes do not have the same rate-limiting step; otherwise, they would, by FIGURE 7. Simulation of the kinetics of a sequential mechanism of quinol oxidation at center P. Kinetics of cytochrome b reduction (A) and semiquinone concentration (B) were simulated using the rates described in the DynaFit model included as supplemental data. The diffusion rate constant for semiquinone movement from the distal to the proximal domain at center P was varied incrementally by one order of magnitude, from 10 definition, have the same rate. A previous study using steady state kinetics in submitochondrial particles (32) concluded that the activation energies for the bifurcated and bypass reaction were similar, although a statistically significant difference of ϳ3.5 kJ mol Ϫ1 (higher for the bypass reaction) was found between the two processes at pH 8. We have now found a larger difference of ϳ6 kJ mol Ϫ1 at pH 7 (see Fig. 6 ) with the bypass reaction showing a lower E a . Our present pre-steady state conditions eliminate the interference of the non-enzymatic reduction of cytochrome c by DBH 2 , in contrast with the previous work (32) , where the chemical reaction was relatively much larger and was corrected only by measuring rates before the addition of the enzyme mixed with phospholipids, which are likely to enhance the chemical reaction. Because a statistically significant difference in the E a of the bypass reaction between the wild type and mutants with a lower Rieske protein potential was found only for the very slow S183A enzyme (32) , it is likely that an error in the correction for the chemical reaction (which should have a higher E a than the enzymatically catalyzed process) gave an overestimated E a value in this mutant.
In the present work, we have found no influence of the Rieske redox potential on the E a value of the bypass reaction, confirming that this process does not share the same rate-limiting step as the bifurcated reaction (see Table 1 ). This provides further support to the conclusion that quinol oxidation is a concerted process that does not proceed through a semiquinone intermediate. Only when the cytochrome b acceptors for the electron or the proton are unavailable at center P would formation of semiquinone occur, mainly by reactions that are irrelevant to the bifurcated mechanism, such as the reverse electron transfer from the b L heme to quinone (37) . The fact that one can force the bc 1 complex to generate a semiquinone radical under artificial conditions is not proof that a semiquinone is normally an intermediate in the ubiquinol oxidation reaction at center P. Therefore, the unstable semiquinone radicals that have been generated at center P under inhibited conditions (9, 10) should not be considered as evidence supporting any sequential mechanism for the oxidation of quinol in the bc 1 complex.
